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Abstract 
Experimental study of the large- and micro-scale structure in the salt stratified flow is carried out using optical (schlieren) and 
acoustical (backscattering) techniques. Juxtaposition of the processed shadowgraphs with backscattering profiles reveals the 
scattering objects which are represented by fine scale elements of the flow – continuous density wake and microstructure 
formed by the multi-strip and volume micro-scale objects. Spectral processing of the backscattering data discovers character-
istic frequencies of the oscillations in the wake interior. Some of the frequencies may be associated with internal waves; oth-
ers are the results of harmonics formed due to square-law detection peculiar to backscattering method. 
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Internal waves and microstructure are regular concomitants of disturbed stratified flows. One of the powerful 
techniques to reveal the phenomena associated with such disturbances is ultrasonic sounding. Plenty of re-
searches are dedicated to scattering by locally isotropic turbulence in which case the scattering can be expressed 
through the three-dimensional spectrum of liquid properties fluctuations. However, the ocean experimental data 
show that backscattering profiles are in a good agreement with the fluctuations spectra over the entire sounded 
depth regardless of existence of turbulence [1, 2]. The facts testify that acoustically detected fluid objects are not 
necessarily of the turbulent nature, and interpretation of scattering as produced by turbulence may cause misun-
derstanding of the real processes in the ocean interior. 
One of the extreme problem occurred in the ocean acoustics is recognition of the scattering matter. It is not 
uncommon when there is no idea of what kind the scattering source is detected – whether it is of hydro-physical 
or aquatic-life nature (biota), or non-biological suspension. In the laboratory we have an opportunity to control 
both fluid structure and suspensions due to direct non-contact optical visualization (implemented with, e.g., 
Schlieren instrument) carried out simultaneously with acoustic sounding. 
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Fig. 1. Diagram of the experimental setup. 1 stratified laboratory basin, 2  optical glass illuminator,  
3  carriage, 4  control device, 5  conductivity transducer with sensor 6, 7  laboratory sonar, 8  sonar antenna, 9  tracers feeder,  
10  schlieren instrument optical bench, 11  camera, 12  data acquisition interface, 13  PC, 14 and 15  salt and fresh water tanks. 
 
In this work we investigate the scattering from the wake created by the body moving in stratified flow with the 
help of the technique mentioned above. 
Experimental setup includes a laboratory tank 1 supplied with optical windows 2, carriage 3 towing an obsta-
cle (cylinder, plate, sphere, etc.), contact probe 5, 6, high frequency laboratory sonar 7 with acoustic antenna 8, 
feeder of trace particles 9 visualizing horizontal velocity profile, schlieren instrument whose optical bench is 
specified as 10, camera 11, interface 12 for experiment control and data acquisition, personal computer 13 and 
charging tanks 14, 15 for stratification arrangement. 
Laboratory sonar operates at frequency 1 MHz with ping duration at 50 s . Acoustic antenna is made of 
piezoceramic disc 2.5 cm in diameter. The disc is sheathed by rubber screen which damps the side lobes of the 
acoustic pattern. This helps to improve geometry of the sounding acoustic field which is of great importance in 
the problem of scattering. The procedure to control the geometry, being so complicated and laborious in field ex-
periment, is considerably easier in laboratory, because in optical basin the sound beam is, like ordinary stratified 
flow, observable and easily visualized by schlieren technique. Some examples of visualization of the sound 
beams emitted by screened and unscreened antennas are given in Fig. 2. 
Sound wavelength ( 0.15 cm) was set reasoning from its closeness to typical linear scale of microstruc-
ture visualized by schlieren instrument. Ping duration was conditioned by criterion / 2act  providing suffi-
cient packing of the ping. The horizon of the sounded area and its vertical extension were set by strobing window 
of the sonar. 
In the experiments only the signals are fixed which coming from the wake area bounded by horizons 5 – 
25 cm. The echo signals sequences are used to plot echograms which then put in correspondence with the 
shadowgraphs of the flows and vertical profiles of illumination. 
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a b 
Fig. 2. Schlieren images of the sound beams. a – the beam from the antenna imbedded in damping screen suppressing the side lobes; b – in-
tersection of screened and unscreened sound beams, the latter contains two distinctive side lobes. Central horizontal strip is a residual trace of 
the 2D cylinder that had passed long before. To the left light vertical marks the vertical direction. 
 
As is well known, average scattered intensity sI  fixed on the receive antenna is defined through 3D-spectrum 
of sound velocity fluctuations 0(2 , , , )c x y zk  corresponding to doubled wave number 02 (2 ,2 )x zk kk  of 
the incident wave [3] 
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where iI  – average incident intensity, 
2 /r H a , H  – distance between centre of the scattering volume 
V  and antenna plane, a  – antenna diameter, ( )nD r  – acoustic pattern which depends only on 
1/3r V . As 
acoustic pattern is narrow the volume V  can be considered as the circular cylinder whose diameter equals Fres-
nel zone size 
1/22
fR H a and height equals / 2act , where at  is the acoustic ping duration. 
In the experiments the flows were produced by thin plate (or circular cylinder) towed transversally to its 
length bridging the width of the basin. Thus we create an analog of 2D that allows to derate a space dimension of 
the spectrum in (1) and facilitate the problem to extract the spectrum experimentally: this provides a simple pro-
cedure to get spatial spectrum from schlieren image [4]. The procedure is based on linear connection between il-
lumination of the schlieren image of the flow and density gradient in the medium [5]. In other words, we extract 
spatial spectrum of the shadowgraph illumination, which represents the scaled spectrum of density, sound veloc-
ity or their gradients. 
For the 2D flow (in ,x z plane) the 3D spectrum in (1) is expressed through 2D spectrum ( , )c x zF k k  as 
( , , , ) ( ) ( , )c y c x zx y z k F k kk , where ( )yk   delta function. Assuming the case of vertical acoustic 
sounding (practically important case), i.e. x yk k 0, 0zk k , the ratio of scattered/incident intensities of 
the sound is 
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where 10 0( )
( )
(2 , ) (2 , , )cS y
x y z
F k y F k x z dx dz  is 2D spectrum averaged over current vertical section 
S y  of the volume V . The dependence of value F  upon y coordinate is weak and can be taken as equal 
to 0(2 )F k , i.e. at 0y . Then 
4
4
0 02
( )2 (2 )nD rM k F k V
r
 (2) 
In this notation the ratio W  is defined by averaged 2D spectrum 0(2 )F k  whose scaled image can be de-
rived from 2D spectrum ( , )x zG k k  of plane shadowgraph obtained with the help of schlieren instrument. 
In this work the flow is characterized by both dimensional parameters – velocity U , vertical size D  of towed 
body, buoyancy period bT  (or buoyancy frequency 2 / bN T ) and dimensionless ones – Reynolds and 
Froude numbers – Re /UD  ( kinematic viscosity) and Fr /U ND , respectively. 
The specimen of the flow formed by the strip moving to the left is shown in fig. 3 where vertical axes of the 
shadowgraph and plots are the same. The flow is presented by upstream blocked zone (dark triangle area ahead 
the plate) and by zero frequency internal waves visualized by intermittent light/dark nearly horizontal strips. The 
traces 1 – 4 of density markers are processed by dedicated computer program that returns vertical profiles of 
horizontal velocities and shift of velocities. We see that in the blocked zone the liquid moves with the speed of 
the body (plot 1, U 0.033 cm/s), and with distance the maximal speed reduces (plots 2 and 3). It is noticeable 
that in the wake maximal horizontal speeds of the flow exceeds the body velocity (plot 4). Also as is seen, the 
extremes of the shift of velocity in the plots are spatially associated with light horizontal strips marking high gra-
dient envelopes in the shadowgraph. 
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Fig. 3. Schlieren image of the up- and downstream disturbances of the thin vertical plate ( D 2.5 cm) moving at speed U 0.033 cm/s in 
the salt startified water. 1 4  density mark tracers from which the corresponding horizontal velocity u  (dashed) and velocity shift /du dz  
(solid) profiles are plotted. bT 17.4 s, 2 / bN T 0.36 rad/s, U 0.033 cm/s, Re 8.25, Fr 0.036. 
 
The scattering capability of this wake is weak, and it cannot be detected by available acoustic equipment. 
With the velocity increase the structure of the wake remarkably changes – one may see more sharp envelopes 
and new fine structure elements – intermittent inclined strips in the area close to the body (fig. 4, a). Slopes of the 
strips to the horizon are 24 and 14  near the first and second phase surfaces of the internal waves, respectively. 
As in the previous case (fig 3), the density wake is bounded by high gradient envelopes whose slopes to the hori-
zon are 3 . 
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Each envelopes has two pairs of sharp (high gradient) junctions (fig. 4, c), respectively, between external me-
dium ( 1  and 4 ) and wake area ( 2  and 3 ). Thickness of the junction is determined from the illumination pro-
file of the shadowgraph. 
The external junctions 1  and 4 , are most thin; their thicknesses are 0.015 and 0.05 cm, respectively, at early 
and late wake. Internal junctions are remarkably thicker – 3 0.1, 4 0.2 cm. Note that sound wavelength  
exceeds typical thickness of the external junctions ( 1 4, ) and is less than thickness of the internal ones. 
The sound scattering intensity of this wake is enough to be registered in the current experiments. In the echo-
gram (fig. 4, b) horizontal axis is dimensionless time / bt T  counted from moment the body leaves a sound 
beam area (in fact, this fits to the moment of termination of the echo from the body – contrast dark spot of irregu-
lar shape to the left of the plot in fig. 4, b. Vertical axis of the echogram is common with the same of the shadow-
graph (fig. 4, a). 
Upper bound of the dark spot in the shadowgraph (fig. 4, a) coincides spatially with the top edge of the towed 
strip ( z 11.5 cm). Because of finite ping duration at  the echo is extended over the depth interval 
/ 2act 3.75 cm ( c 0.15 cm/ s  – sound velocity) to the 15 cm horizon. Additional (imaginary) increase of 
the depth till z 18 cm (a curl linking below to the dark rectangular, fig. 4, b) is formed due side lobes reflect-
ing from the plate. 
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Fig. 4. Schlieren image (a), echogram (b) and enlarged fragment ( ) of the wake past the plate. bT 7.5 s, U 0.09 cm/s, Re 18, 
Fr 0.05. 
 
The echo from the wake consists of several spots; each one is characterized by individual duration. Putting the 
echogram and shadowgraph in correspondence shows that at early stage of the wake the echo is caused by high 
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gradient envelopes and inclined microstructure strips. With the age increase the inclined strips disappear, and the 
envelopes become the only sources of the echo. 
With further increase of the body velocity new details of the flow appear. 
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Fig. 5. The wake past the thin plate. Echogram (a), shadowgraph (b), vertical profiles of shadowgraph illumination S  (conventional units) in 
different sections of the wake (c). x coordinates of the sections are specified in the upper string in fig. 7, c. bT  7.5 s, U 0.26 cm/s, 
Re 42, Fr 0.12. 
 
The distinct envelopes are seen over the entire schlieren image (fig. 5, a). At x 10 cm the vertical spread 
between the envelopes exceeds the vertical size / 2act  of the acoustic ping, and a light strip appears dividing 
the echogram into top and bottom pieces. The dividing light strip indicates the lower boundary of the wake, it is 
underline with a wide dark strip indicating the sound scattered by lower sheet of the envelope. Both upper and 
lower dark echo are of the same vertical size equal to / 2act . Initial section ( x 1 cm) of the echogram is 
structured with horizontal scale of 0.15 cm. Light vertical strips at x 9 cm are manifestation of the noises in 
the acoustic channel. 
In the illumination profiles (fig. 5, c) an intensive fine structure are clearly seen at initial wake ( x 3 cm); 
the structure degenerates quickly and at x 7 we see only two poles conditioned by the high gradient envelopes 
– the poles diverge up- and downward with accordance of the envelopes behavior. Simultaneously optical con-
trast of the envelopes reduces, and, accordingly, scattering intensity decreases (fig. 5, a); the scattering decrease 
is particularly pronounced for the lower envelope whose orientation is less favorable for sound reflection back-
ward to the antenna. 
At x 6 cm of the echogram the faint gray strips are seen above and below the central dark strip. This part of 
the echogram corresponds spatially to the shadowgraph area containing a family of fine structural inclined strips 
locating on either sides of the density wake. Contrast of the fine structure decreases monotonically with distance 
from the body, and their orientation approaches to horizontal. Joint action of these factors favors to backscat-
tering to the antenna. 
Acoustic data allow detecting the vertical oscillations which are associated with internal waves in the liquid 
interior, and extract their characteristic frequencies. The procedure is based on detection and tracing of the acous-
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tic mark – a small area (nearly point) of maximal acoustic contrast. The fixed level of scattering associated with 
isolated fluid volume will perform oscillations and other form of motion along with internal waves. Dedicated 
mathematical program picks out a rectangular within the echogram, detects a point whose contrast exceeds a 
given threshold and trace vertical coordinate  of the point over the entire echogram plane. Obtained data file 
represents 2D matrix of which the column numbers correspond to the current time and row numbers – to local 
vertical coordinate . 
In this work detection of the internal waves is discussed by the examples of acoustic sounding of the wakes 
past the circular cylinders. 
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Fig. 6. Shadowgraphs (a, c, e) with appropriate echograms (b, d, f) for the wake past the cylinders of D = 7.6 (a) and 1.5 cm (c,e). Flow regimes, 
(Re, Fr): a – (650, 0.1); c – (230, 0.8); e – (400, 1.5). Vertical axes of echograms and shadowgraphs are identical. Horizontal axis is given in di-
mensionless age of the wake / bt T . Zero age is fixed at the moment the cylinder escapes the sound beam zone. 
 
Examples of the wakes along with the echograms are shown in fig. 6. 
As before, the age of the wake is counted from the moment the cylinder leaves the sound beam area. Till this 
moment one can see the echo from the cylinder caused by both main and side lobes of the acoustic antenna pat-
tern. In the wake we see only the echo produced by main lobe; the side lobes are too weak to create the scattering 
from liquid inhomogeneities. 
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The slowest wake (fig. 6, a, U 0.9 cm/s) created by the large cylinder ( D 7.6 cm) contains mature mi-
crostructure around central density wake and internal waves phase surfaces visualized by the arc-shaped stripes 
particularly pronounced atop the figure. Gray and dark arcs correspond to inverse phases of the wave. The wave-
length measured as the distance between two gray arcs is 6.3 cm that is equal to the value calculated from 
i bUT . Besides, the wake has two discontinuities visualized by horizontal high-gradient interfaces (light 
horizontal stripes) observed at depths 25 and 28 cm. They are also clearly seen as interruptive-wavy tracks in the 
echogram (fig. 6, b) till the age 16 bT . 
Next two pictures show the effect of the speed increase for small cylinder (D = 1.5 cm). In fig. 6, c 
(U 1.5 cm/s) we see internal waves visualized by arc strips. The distance between two dark strips is 10.3 cm 
that is close to calculated wavelength i 10.5 cm. Also we can see spatially associated with the waves periodi-
cal bubbles located on the axis of the wake. In accordance with this, the echogram (fig. 6, d) consists of several 
solitary echo separated by background level. With the speed increase the wake turns to vortex structure 
(U 2.7 cm/s, fig.6, e) whose scattering is seen as a wavy track (fig. 6, f). In this case only half wavelength 
(9.4 cm) keeps within the vision field; it is close to value / 2 / 2i bUT 9.45 cm. 
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Fig. 7. Vertical displacement  of the acoustic contrast (a, c, e) and its spectral density S  (b, d, f). 
 
Figure 7 illustrates temporal variability of vertical displacement  of the isolated acoustic contrast (a, c, e) 
and the spectral density of the  (b, d, f). This data are obtained by processing the echograms of fig 6, respec-
tively, b, d, and f. Oscillations dominate other type of motion such as low frequency time trend which is mostly 
pronounced in fig. 6, c. Basically, real oscillation of the liquid are presented by the frequencies located in the 
range N . As is seen from the figure, ones of them exceed buoyancy frequency N  that could be explained 
by harmonics registered in a field of backscattering. The others, which satisfy N , are of smooth spectral 
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compositions. In fig. 7, b we see a plot resembling line spectrum in which three different frequencies of the inter-
nal waves dominate. Relatively broad single and double maxima are shown in fig. 7, d and fig. 7, f. This may 
probably be associated with continuous distribution of the frequencies of the attached internal waves which are 
characterized by constant wavelength i bUT  but spatially variable frequency [5]. 
Next, we discuss a comparison between real level of scattering and one predicted by (2). The real scattering 
fixed in the acoustic channel is denoted by sm , while the one predicted from spectral processing of the shadow-
graph is denoted by im  and proportional to 2D spectrum of gray scale intensity in the shadowgraph. 
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Fig. 8. Relative backscattering intensity im  and sm  against Reynolds number. D = 7.6 cm:  – im ,  – sm , D = 1.5 cm:  – im ,  
 – sm . Solid and dashed lines, respectively: averaging curves of real ( sm ) and predicted ( im ) data for D = 7.6 cm. 
 
The measured sm  and predicted im  are derived from the optical and acoustic sensing of the wake past cylin-
ders of different diameters D  in a wide range of Reynolds number Re . 
In fig. 8 normalized backscattering intensities sm  and im  are shown against Reynolds number for the cyl-
inders of diameters D = 1.5 cm and D = 7.6 cm. As is seen, spectral representations im  of scattering fit rather 
well the real value sm  over all flow regimes. 
All experimental and predicted points lay approximately close to averaging curves and manifest common pe-
culiarity: a dip in vicinity of Re = 100. This phenomenon is associated with transition of scattering from gradient 
to volume type when regimes change from laminar to vortex ones. At weak laminar regimes main role in scatter-
ing belongs to solitary discontinuities, which intensively reflect the sound. With Reynolds number increase they 
are washed out that makes scattering to drop. Further growth of scattering is due to volume structures whose in-
tensity rises while flow transits from vortex to turbulent types. 
 
Summary. The conducted experiments show that the slow flows the density wakes past the body are outlined 
by high gradient continuous envelopes whose thicknesses are gradually decrease with the distance from the body. 
The envelopes scatter high frequency sound in back direction with remarkable intensity. Microstructural compo-
nents – the multi-strip structures past the thin plate, volume microstructure past the circular cylinder – are also 
1000
.
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well-scattering objects. Participation of the microstructural components in the wave motion provides acoustic de-
tection of large-scale motion, in particular, the internal waves. As is seen from the experimental data, the large-
scale motion affect only spatial and temporal modulation of the scattering signal, while scattered intensity is gov-
erned by microstructure composition of the flow. The scattering capability of the micro-scale inhomogeneities 
may be predicted by 2D spectra of gray scale intensity of the shadowgraph which is derived synchronously with 
backscattering intensity profile. 
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